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STJMMARY 
Shock-wave shapes and surface pressures were measured on flat-faced cyl- 
inders with shoulder to base radius ratios of 0.0, 0.05, 0.15, 0.25, and 0.5. 
The measured values were compared with one- and two-strip numerical solutions 
obtained by the method of integral relations. The two-strip solutions pre- 
dicted adequately both the shock shapes and surface pressures. The one-strip 
solutions predicted adequately the shock shapes but underestimated the surface 
pressures. 
The shock-wave standoff distances decreased linearly with increasing 
shoulder radius. The computed stagnation-point velocity gradients increased 
with increasing shoulder radius, but not linearly. 
INTRODUCTION 
Solutions for the inviscid shock layer flow over blunt bodies may be 
obtained by numerical integration of the governing differential equations (see 
ref. 1 for a comprehensive review). 
direct depending on how the initial conditions are specified. Notable 
examples of these methods may be found in references 2 and 3, respectively. 
The methods employed are inverse or 
More recently, in reference 4, the inverse method was used to obtain 
solutions for spherical and ellipsoidal noses over a wide range of free-stream 
conditions. In this method the shock shape is prescribed and the flow field 
including body location is calculated. However, for very blunt nose shapes, 
particularly those with sharp corners, the method described in reference 4 
fails because of numerical difficulties. To calculate the flow over bodies 
not amenable to solution by the inverse method, Harvard Lomax and Harry Bailey 
of Ames Research Center formulated and programmed a direct method of solution, 
commonly referred to as the method of integral relations. In this method, the 
shock layer is divided into strips. The variations of the flow properties 
across the strips are represented by polynomials. The degree of the polyno- 
mial depends on the number of strips, and the accuracy of the method increases 
with more strips. For practical reasons, the number of strips is limited to 
one or two, which makes the method approximate. 
Surface pressure measurements may be used t o  assess the  v a l i d i t y  of 
approximate theo re t i ca l  methods used t o  describe the  inviscid flow over var-  
ious body shapes. Shock-wave measurements serve the  same purpose although 
they a r e  not s o  def in i t ive .  Surface pressures were measured on flat-faced 
cylinders with d i f f e ren t  shoulder radii ( r e f .  3 ) .  
with solutions obtained by the method of in t eg ra l  r e l a t ions  mentioned above 
with one s t r i p .  Subsequently, schl ieren photographs of t h e  shock configura- 
t i o n  were taken f o r  t he  same models and tes t  conditions, and fur ther  
computations of t h e  flow f i e l d  were made with two s t r i p s .  
Some comparisons were made 
The purpose of t h i s  report  i s  t o  present t h e  measured shock wave shapes 
and surface pressure d is t r ibu t ions  and t o  compare them with predictions by the  
method of i n t eg ra l  r e l a t ions  f o r  one and t w o  s t r i p s .  
SYMBOLS 
D 
M 
N 
P 
R 
Re 
rS 
S 
T 
V 
VO 
X, Y 
n 
P 
n 
cylinder diameter 
Mach number 
number of s t r i p s  
pressure 
cylinder radius 
PO3VO3D 
PO3 
Reynolds number, -
shoulder radius 
distance along surface measured from stagnation point 
temperature 
veloci ty  
veloci ty  midway between body and shock f o r  y = 0 
cyl indr ica l  coordinates with or igin a t  stagnation point 
shock standoff distance f o r  y = 0 
viscosi ty  
density 
2 
Subs cr ipt s 
w free stream 
st stagnation point on body 
t tunnel stagnation chamber 
APPARATUS AND TEST CONDITIONS 
The test data were obtained in the Ames 3.5-Foot Hypersonic Wind Tunnel 
(refs. 6 and 7) at % = 10.5 with pt = 123 atm and Tt = 11600 K. The 
corresponding free-stream Reynolds nuniber, based on model diameter, was 
1.2XlO6. 
The model configuration (fig. 1) consisted of a flat-faced cylinder with 
a shoulder radius joining the flat nose and cylindrical afterbody. The cyl- 
indrical afterbody radius was 8.89 em. 
radius ( r s / R )  were 0.0, 0.05, 0.15, 0.25, and 0.5. 
Ratios of shoulder radius to body 
Schlieren photographs of the models were obtained with a 70-mm shutter 
camera and a conventional two-mirror schlieren system with a single pass con- 
tinuous light source. Measurements of the shock-wave shapes were made 
directly from 8 X 7.5 inch prints of the 70-mm film with an indexing 
oscillograph trace reader equipped with a digitized output. All measurements 
were accurate to +O.OO5 inch. 
The pressures were measured with strain-gage transducers (pressure range 
from 0 to 0.3 atm) and recorded on magnetic tape. 
mated to be fl percent of the measured pressure. 
inserted in the air stream after steady flow was established in the test 
section. Further details regarding the pressure model construction and test 
techniques are given in reference 5 .  
The maximum error was esti- 
The pressure models were 
DISCUSSION OF ANALYTICAL METHOD 
The mathematical formulation of the method of integral relations will not 
be presented here. instead, the following paragraphs w i l l  describe the limi- 
tations inherent in the present method and the iteration of initial conditions 
required for one- and two-strip solutions. (The method is not truly direct.) 
A limitation of the present method is that it does not permit integration 
beyond the sonic point on the body, and for two-strip solutions, may terminate 
earlier. 
to body) of velocity midway between the body and shock approaches the local 
sonic speed. rs/R = 0.5 and for a sphere. 
The latter situation arises when the tangential component (tangent 
This will be shown to occur for 
3 
P 
Another l imi ta t ion  i s  t h a t  t he  entropy a t  t h e  body surface i s  not 
required t o  be constant. 
p/pst 
i s  na tura l ly  less for t h e  two s t r i p  solution. 
Consequently, where t h e  flow becomes sonic ( M  = 1) 
may not necessar i ly  correspond t o  t h e  isentropic  flow value. The e r r o r  
I n i t i a l  conditions along t h e  stagnation streamline a re  required t o  begin 
the  present method. Certain of  these conditions may be calculated readi ly  f o r  
a blunt-nosed body, and one i n i t i a l  condition per s t r i p  must be i te ra ted .  The 
flow properties j u s t  behind the  normal shock satisfy t h e  Rankine-Hugoniot 
re la t ions  and those a t  the  body surface a re  t h e  r e s u l t  of a subsequent isen- 
t rop ic  compression t o  stagnation conditions. For t h e  conditions o f  t he  
present tests the  gas can be considered thermally perfect  a i r  with the  
thermodynamic propert ies  tabulated i n  reference 8. 
In  order t o  obtain a one-strip solut ion f o r  a given body shape, t h e  shock 
standoff distance, A, must be i t e r a t ed  as follows. With a sharp corner, an 
a r b i t r a r y  value of  A i s  selected,  and the  locat ion of the  sonic point deter-  
mines R (no i t e r a t i o n  is  necessary). With a rounded shoulder, as A i s  
increased, t he  sonic point moves off t he  f l a t  face and retrogresses along t h e  
rounded shoulder. Too large a value of A prevents t h e  surface Mach number 
from reaching unity.  Thus, there  i s  a range of values of A tha t  yields  solu- 
t ions  corresponding t o  various body p ro f i l e s  beyond the  sonic point. The 
present method i s  unable t o  dis t inguish the  solut ion corresponding t o  a par- 
t i c u l a r  p ro f i l e  because it cannot proceed i n t o  the  transonic region on the  
surface t h a t  s t i l l  has influence i n  the subsonic region. The solutions pre- 
sented i n  t h i s  report  were selected s o  t h a t  A decreases monotonically with 
increasing rs/R. For a sphere, t he  f l o w  f i e l d  i s  such t h a t  t h i s  anibiguity 
does not occur, and A i s  i t e r a t ed  t o  determine the  l a rges t  value tha t  
r e s u l t s  i n  the surface Mach number reaching unity. 
I n  order t o  obtain a two-strip solution, t h e  veloci ty ,  Vo, a t  the  mid- 
point of the  stagnation streamline must be i t e r a t ed  as wel l  as  A. For a 
given value of A, too la rge  a value of Vo r e s u l t s  i n  a shock wave tha t  does 
not decay monotonically away from the  axis, and too small a value r e s u l t s  i n  
the  surface Mach number never reaching unity.  There ex i s t s  a s e t  of  values of 
A and Vo Some judgment must 
be exercised i n  determining the  bes t  one, and those reported here are  not 
necessar i ly  optimized with respect t o  t he  assumed values of  A and Vo. 
which produce apparently sa t i s f ac to ry  solut ions.  
RESULTS AND DISCUSSION 
Shock Wave Shape 
The general character of  t he  f l o w  f i e l d  ahead of t he  flat-faced cylinder 
may be observed i n  the  schl ieren photographs presented i n  f igure 2 f o r  
rs/R = 0.0, 0.05, 0.15, 0.25, 0.50. 
re ta ins  an e l l i p t i c a l  shape. 
Even with a f la t  face, the  shock wave 
The quant i ta t ive e f f ec t s  of t h e  shoulder radius may be obtained from 
f igure  3 where a l l  t h e  shocks have been superimposed. The curves represent 
fairings through points measured from both the upper and lower halves of the 
schlieren photographs. As rs/R is increased, the shock wave is displaced 
inward, and its radius of curvature is decreased. 
The shock-wave shapes calculated b the present method of integral rela- 
tions are shown in figure 4 for 0 s rs P R S 1.0. The initial values of A and 
Vo The one- and two-strip solutions are not 
markedly different except in the transonic region. For 
sphere, the two-strip solution terminates much closer to the axis than the 
one-strip solution as a result of the sonic condition on the midstrip noted in 
the previous section. For the smaller shoulder radii, the differences in the 
end points of the shock wave are the result of differences in the location of 
the sonic point on the body. 
are indicated in the figure. 
rs/R = 0.5 and a 
The shockiwave coordinates measured from the schlieren pictures for 
0 S rs /R 5 0.5 are also shown in figures 4(a) to 4(e) for comparison. 
two-strip solutions agree well with the experimental results. The one-strip 
solutions also agree well except for s m a l l  values of the shoulder radius and 
in the transonic region. 
The 
No schlieren photographs were taken for a sphere, but the shock shape 
used in the inverse method of reference 4 is shown in figure 4(f) for compari- 
son. The two-strip solution is indistinguishable from the inverse solution 
for y/R S 0.5. The one-strip solution deviates in the transonic region. 
Shock-Wave Standoff Distance 
The shock-wave standoff distance, A/R, is shown in figure 5 as a finction 
Symbols are plotted for the values measured from the schlieren pho- of r s / R .  
tographs, the one- and two-strip solutions, and the inverse solution for a 
sphere. For r s /R S 0.5, A decreases linearly with rs/R, consistent with 
the results of reference 9. For the smallest shoulder radii, the values from 
the one- and two-strip solutions are less than the measured values, with the 
two-strip solution showing better agreement. For larger shoulder radii, all 
of the measurements and predictions agree well. 
Surface Pressure Distributions 
The surface pressure distributions calculated by the present method are 
shown in figure 6 for 0 s rs/R 5 1.0. 
dicts a higher pressure over the surface than the one-strip solution; these 
differences are much larger than those shown previously for the shock-wave 
shape. 
tion point value over three-fourths of the surface and then decreases rapidly 
toward the sonic value at the corner. As rs/R is increased, the surface 
pressure begins to drop off closer to the axis, and for a sphere, it has a 
variation similar to the cosine f'unction. For the latter case, the one-strip 
solution f o r  the pressure distribution is extremely sensitive to the initial 
In general, the two-strip solution pre- 
For rs/R = 0, the pressure remains within 10 percent of the stagna- 
5 
value of A. An increase of 1 percent in A leads to an order of magnitude 
larger change in the surrace pressure in the transonic region. In order to 
obtain the solution for a spherical nose, A must be specified to an absurd 
and unnecessary accuracy. 
The surface pressure measurements for 0.05 S rs/R I; 0.50 are shown in 
figures 6(b) to 6(e) for comparison. The slight asymmetry of the pressure 
distributions is due to small angles of attack. The two-strip solutions agree 
well with the experimental results; the one-strip solutions predict lower 
pressures 
The pressure distribution for a sphere from the imerse method of refer- 
ence 4 is shown in figure 6(f). 
from the inverse solution for 
ates because of the limited accuracy of 
are surface pressures measured by Cleary (ref. 10) and Rakich and Menees 
(ref. 11) on hemispheres tested in the same wind tunnel used to obtain the 
present results. 
inverse solutions. 
The two-strip solution is indistinguishable 
s /R  S 0.35, at which point the pressure devi- 
Also shown in the figure A and Vo. 
The experimental results agree well with the two-strip and 
Stagnation-Point Velocity Gradient 
The velocity gradient along the surface at the stagnation point is 
required for heat-transfer calculations. Newtonian theory is commonly used 
for spherical noses, but it is not applicable to flat-faced bodies for which 
it would predict a zero velocity gradient. 
The stagnation-point velocity gradients calculated by the present method 
are shown in figure 7. The effect of increasing the shoulder radius is to 
increase the velocity gradient, the increase being small for small shoulder 
radii but becoming quite large for a sphere. Consistent with the pressure 
distributions shown in figure 6, the two-strip solution predicts a smaller 
velocity gradient than the one-strip solution; for example, 25 to 30 percent 
less for rs /R 5 0.50. For a sphere, the difference is 15 percent. The 
velocity gradient from the inverse solution (ref. 4) agrees with the result 
from the two-strip solution. 
The surface pressure measurements are not sufficiently accurate to obtain 
a velocity gradient. However, the stagnation-point heat-transfer measurements 
from reference 3 may be used to deduce the velocity gradients. As shown in 
figure 7, these values correlate with the one-strip solutions. Also shown are 
the results of Zoby and Sullivan (ref. 12) obtained from a correlation of 
experimental pressure distributions for a range of Mach numbers above 4.0. 
These results for 0 s rs/R S 0.3 lie between the one- and two-strip solutions. 
For a sphere, their result is the value for Newtonian flow and is about 5 per- 
cent lower than the two-strip and inverse solutions. Since the stagnation- 
point heating rate varies as the square root of velocity gradient, either the 
one- or two-strip solution will give reasonably accurate estimates of heat 
transfer. 
6 
CONCLUSIONS 
Comparisons of experimental shock shapes and surface pressures on flat- 
faced cylinders with theoretical solutions obtained by the method of integral 
relations resulted in the following conclusions: 
1. The shock shapes are adequately predicted by both the one- and 
two-strip solutions. 
2. The shock standoff distance decreases linearly with increasing 
shoulder radius. 
3. The surface pressures are adequately predicted by the two-strip 
solutions but underestimated by the one-strip solutions. 
4. The sta ation-point velocity gradients from the two-strip solutions 
are 15 (rs/R = lyto 30 percent (rs/R = 0) lower than the gradients from the 
one-strip solutions. Either solution is adequate for estimating stagnation- 
point heating rates. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field, Calif., 94035, Nov. 3, 1967 
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Fig. 1.- Flat-faced cylinder models. 
(a)  rs/R = 0.0 
Fig. 2.- Schlieren photographs of t e s t  models for various r a t i o s  of 
rs/R; = 10.3, a = 0 0 . 
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(b) rs/R = 0.05 
i 
( c )  r,/R = 0.15 
Fig. 2.- Continued. 
10 
(d) r,/R = 0.25 
(e) r,/R = 0.50 
Fig. 2.- Concluded. 
11 
Fig. 3.- The influence of shoulder radius on shock wave shapes and posi t ions;  
M, = 10.5. 
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